INTRODUCTION
Sleep is an essential, evolutionarily conserved behavior that is regulated by two independent processes: a circadian clock that regulates the timing of sleep and a homeostatic mechanism that influences the amount and depth of sleep (Borbé ly and Achermann, 1999) . The core circadian oscillator comprises a transcriptional/translational feedback loop consisting of transcriptional activators, e.g., Clock (CLK) and Cycle (CYC) or BMAL1/NPAS2, and transcriptional repressors, e.g., Period (PER) and Timeless (TIM) or Cryptochrome (CRY) (Allada and Chung, 2010; Lowrey and Takahashi, 2011) . Various rhythmic behaviors are regulated by the circadian oscillator, and the timing of sleep can be considered an output of the circadian clock. Indeed, lesioning the mammalian central clock, the suprachiasmatic nucleus (SCN), or genetic ablation of core clock proteins abolishes circadian patterns of sleep under constant conditions (Eastman et al., 1984; Shaw et al., 2002; Shiromani et al., 2004) . In addition, mutations in the core clock protein Period2 (PER2) and Casein Kinase 1d (CK1d) alter the timing of sleep in humans, resulting in Familial Advanced Sleep Phase syndrome (Toh et al., 2001; Xu et al., 2005) .
Despite specific progress in our understanding of the molecular clock, the mechanisms by which the circadian clock regulates sleep are poorly understood. The discovery that Drosophila sleep (Hendricks et al., 2000; Shaw et al., 2000) has opened the possibility for applying powerful forward genetic approaches to identify novel molecules that regulate sleep (Cirelli et al., 2005; Koh et al., 2008; Rogulja and Young, 2012; Wu et al., 2008) . Here, using this approach, we identify a conserved molecule named WIDE AWAKE (WAKE), which we propose acts downstream of the circadian clock to regulate the timing of sleep onset. We find that WAKE is expressed cyclically in a CLK-dependent fashion in arousal-promoting LNv clock neurons. WAKE levels peak near the wake/sleep transition in the early night, and loss of WAKE specifically in large LNvs (l-LNvs) acts through PDF to delay sleep onset. This impairment in the timing of sleep onset is also seen in Clk and cyc mutants, which can be rescued by restoring WAKE expression in LNvs of these mutants. WAKE interacts with Resistant to Dieldrin (RDL, a GABA A receptor) and increases the expression of RDL in both heterologous cells and LNvs. Moreover, in wake mutants, the l-LNvs are hyperexcitable and their GABA sensitivity is reduced at dusk, supporting a function for WAKE in silencing this arousal circuit in the early night. Importantly, wake mutants have normal circadian rhythms of locomotor activity; thus, these data identify a molecular output of the circadian clock that specifically modulates the timing of sleep. Intriguingly, our data demonstrate that the putative mouse homolog of WAKE is enriched in the SCN, suggesting that WAKE function is conserved in mammals. Our results suggest a model whereby the circadian clock acts through WAKE to regulate sleep onset by upregulating RDL in l-LNvs in the early night, thus inhibiting the excitability of this arousal circuit and promoting sleep.
RESULTS

Identification and Phenotypic Analysis of wide awake
From a forward genetic screen of $3,500 transposon lines , we identified a mutant, wide awake (wake), with significantly reduced sleep amount and markedly increased sleep latency. We named the original insertion wake P1 and obtained an additional insertion in an adjacent exon. Because this second insertion is associated with a small deletion removing the majority of that exon (see below), we refer to this allele as wake
D1
. Female wake D1 and wake P1 mutants exhibited significant reductions in daily sleep, relative to background controls ( Figures 1A and 1B ). In addition, wake D1 failed to complement wake P1 ( Figure 1B ), indicating that these mutations affect the same gene. This reduction of sleep amount is not due to hyperactivity, because waking activity (activity counts per minute awake) was not increased in these wake mutants (Figure 1C) . Although female wake mutants had significantly reduced sleep bout duration ( Figure 1D ), they did not exhibit a significant compensatory increase in sleep bout number ( Figure 1E ), as seen with other short-sleeping mutants (Cirelli et al., 2005; Rogulja and Young, 2012; Stavropoulos and Young, 2011) . Similar data were observed for wake males, except that sleep bout number was increased compared to controls (Figures S1A-S1D available online). Most strikingly, sleep latency (defined as the duration between lights off to the first sleep bout) in wake mutants was markedly increased relative to background controls (Figures 1F and S1E) . This phenotype, which suggests that wake mutants have difficulty falling asleep after lights off, was not simply due to an overall decrease in sleep, because it was not observed in another mutant with a greater reduction in sleep amount, fumin (fmn) ( Figure 1F ). To rule out the possibility that the increased sleep latency seen in wake mutants was caused by an enhanced startle response to lights off, we examined sleep in wake D1 flies in constant darkness (DD). The reduced sleep amount and increased sleep latency in wake D1 flies persisted in DD ( Figures   1G and 1H ). Thus, WAKE appears to be critical for the timing of sleep onset, although wake mutants do eventually fall asleep, which probably reflects the dependence of sleep onset on other factors such as accrual of sleep debt. We next assessed circadian activity rhythm phenotypes of wake mutants in DD. wake D1 flies did not exhibit a significant change in period length or rhythm strength ( Figure 1I ; Table  S1 ) in DD, suggesting that their increased sleep latency is not due to a longer period length. wake D1 flies also did not show reduced sleep rebound compared to controls (Figures 1J and 1K) , demonstrating that homeostatic regulation of sleep is intact. We also examined other general behavioral phenotypes of wake mutants and found that phototaxis, negative geotaxis, and feeding behavior were similar to controls (Figures S1F-S1H). However, similar to most short-sleeping mutants, wake mutants did have a shorter lifespan than controls ( Figure S1I ). Together, these data suggest that wake mutants are not only short sleeping, but also have a pronounced delay in transitioning from wakefulness to sleep following lights off.
Molecular Cloning of wide awake
The wake P1 and wake D1 mutants carry P element insertions (EY02219 and GS17103, respectively) in a predicted gene designated CG42686 by the Drosophila Genome Project. In addition, wake D1 carries an $1 kb deletion including the fifth coding exon of CG42686 (Figure 2A ). To test the hypothesis that the sleep phenotype of wake mutants maps to this locus, we generated an additional allele (wake D2 ) using FLP/FRT mitotic recombination (Parks et al., 2004 ) that deletes the entire CG42686 ORF ( Figure 2A ). As expected, homozygous wake D2 flies also exhibited significantly reduced sleep amount and increased sleep latency relative to background controls ( Figures 2D and 2E) . Furthermore, precise excision of the P element in wake P1 mutants rescued the reduced sleep and increased sleep latency observed in these mutants ( Figures 2D and 2E) . Interestingly, however, our data suggest that CG42686 is part of a larger gene, which includes sequence from the neighboring predicted gene CG6954 (Figure 2A ). First, according to the modENCODE transcript splicing database (Roy et al., 2010) , there is a splicing event between the last exon of CG42686 and the predicted fourth coding exon of CG6954, which we confirmed by RT-PCR. The transcript spanning both predicted genes will be referred to as the full-length (FL) transcript. Second, we generated two antibodies: WAKE-Ab1 against the CG42686 protein and WAKE-Ab2 against a portion of the CG6954 protein.
Both antibodies recognized an $180 kDa band (the size predicted by the wake-FL transcript) in control head extracts, which , n = 32) or 12 hr (control, n = 54; wake D1 , n = 30). Mean ± SEM is shown. ''*,'' ''**,'' ''***,'' and ''ns'' denote p < 0.05, p < 0.01, p < 0.001, and not significant, respectively. Sleep bout duration, which is not normally distributed, is shown as simplified box plots, where the line inside the box indicates the median, and the top and bottom represent 75% and 25%, respectively. See also Figure S1 .
was undetectable in wake mutant extracts ( Figures 2B and 2C ). In contrast, WAKE-Ab1 did not detect a 58 kDa band, the size predicted for CG42686 alone ( Figure 2B ). FlyBase predicts the presence of four CG6954 splice variants that do not contain sequence from CG42686 ( Figure S2 ). However, we were unable to detect smaller bands that would correspond to the CG6954-specific isoforms ( Figure 2C ) in adult heads, although we cannot rule out the possibility that these isoforms are expressed at low , and wake D2 head extracts by WAKE-Ab1 (B) and WAKE-Ab2 (C). In (C), ''*'' indicates nonspecific bands detected in all samples. In this and subsequent western blots, Tubulin was used as a loading control.
(D and E) Sleep latency (D) and daily sleep time (E) of background control (control, n = 38), wake D2 (n = 40), precise excision of wake P1 (wake PE, n = 33), wake
P1
(n = 40), UAS-wake-miR1/+ (n = 63), nsyb-Gal4/+ (n = 34), and nsyb-Gal4/UAS-wake-miR1 (n = 31) flies. levels. We next generated a wake-FL-specific microRNA transgenic line (UAS-wake-miR1) (Chen et al., 2007) , whose hairpins were designed to bind the fourth and fifth coding exons of CG42686. Panneuronal expression of this micro-RNA using nsyb-Gal4 rendered WAKE expression undetectable (Figure S2B ) and recapitulated the wake mutant phenotype, suggesting that knockdown of the wake-FL isoform alone is sufficient to cause the mutant phenotype ( Figures 2D and 2E ). Together, these data strongly suggest that the sleep phenotype in wake mutants is caused by disruption of this 180 kDa protein, which consists of sequence from both CG42686 and CG6954, and henceforth we will refer to this full-length protein as WAKE. WAKE consists of a large N-terminal unstructured domain, two ankyrin repeats, a fibronectin type III domain, and a ubiquitinlike fold. Unstructured domains often promote flexible binding with multiple partners, and the other domains are common protein-protein interaction motifs (Dyson and Wright, 2005; Mosavi et al., 2004) . We next asked whether overexpressing WAKE specifically during the adult stage would increase sleep. We generated UAS-wake flies and drove WAKE expression with the drug-inducible panneuronal elav-Geneswitch driver (Osterwalder et al., 2001) . Flies in which WAKE overexpression was induced by ingested RU486 exhibited a significant increase in sleep amount and decrease in sleep latency, compared to vehicle-fed control flies ( Figures 2F-2H ). These data are consistent with our loss-of-function data ( Figures 2D and 2E ) and further support a role for WAKE in promoting sleep.
WIDE AWAKE Is Expressed in Clock Neurons and Is Specifically Required in Large LNv Cells to Regulate Sleep Onset
To examine where WAKE is expressed in the adult brain, we generated transgenic flies (wake-Gal4) carrying $4.5 kb of genomic sequence upstream of the wake translational start site fused to GAL4, as both WAKE antibodies did not work for immunostaining. When wake-Gal4 was used to drive UAS-CD8::GFP, GFP expression was seen in a limited number of neurons in the central brain ( Figures 3A and 3B ). Knockdown of WAKE using wake-Gal4 to drive UAS-wake-miR1 reproduced the wake sleep phenotype, i.e., increased sleep latency and decreased sleep time, suggesting that wake-Gal4 drives expression in most of the WAKE+ cells important for sleep regulation ( Figures 3D and 3E) . Strikingly, the wake-Gal4 expression pattern includes subsets of clock neurons ( Figure 3C ; Figures S3A and S3B), as determined by colocalization with PER. These clock neurons include all pigment-dispersing factor (PDF)-expressing LNvs and subsets of dorsal lateral neurons (LNds) and dorsal neuron clusters (DN1 and DN2). To address the function of WAKE in LNv neurons, we examined the sleep phenotypes of flies with knockdown of WAKE in these cells. As shown in Figures 3D and 3E , the use of Pdf-Gal4 and cry-Gal4 (which drives expression in all LNvs and subsets of LNds and DNs) (Zhao et al., 2003) to drive UAS-wake-miR1 caused significantly increased sleep latency and decreased sleep time, compared to both parental line controls. To ensure these phenotypes were not caused by ''off-target'' effects, we generated another wake microRNA line (UAS-wake-miR2) using different sequences from CG42686 for the hairpin loops. As with the UAS-wake-miR1 line, panneuronal expression of UAS-wake-miR2 markedly reduced WAKE expression ( Figure S2B ). As expected, expression of UASwake-miR2 using wake-Gal4 or Pdf-Gal4 also caused an increase in sleep latency compared to controls ( Figure S3C ).
Given that LNvs were previously shown to regulate sleep (Chung et al., 2009; Parisky et al., 2008; Shang et al., 2008; Sheeba et al., 2008) , we next asked whether the loss of WAKE specifically in the LNvs accounts for the entire wake sleep phenotype. We used Pdf-Gal80 (Stoleru et al., 2004) in combination with wake-Gal4 to subtract the LNvs from WAKE+ cells (Figure 3F ). Knockdown of WAKE in WAKE+ PDFÀ neurons did not result in a significant increase in sleep latency ( Figure 3G ) but did cause a decrease in sleep time ( Figure 3H ). These data suggest that the wakefulness to sleep transition requires WAKE expression mainly in LNvs but that WAKE is also required in WAKE+ PDFÀ cells to regulate sleep maintenance, consistent with the idea that regulation of sleep initiation and sleep maintenance can be dissociated .
Among the PDF+ LNvs, the large LNvs (l-LNvs) specifically have been shown to promote arousal (Chung et al., 2009; Parisky et al., 2008; Shang et al., 2008; Sheeba et al., 2008) . Thus, we used per-1b-Gal4 (which expresses in l-LNvs but not in smallLNvs) (Kaneko and Hall, 2000) and R6-Gal4 (which expresses in small-LNvs but not l-LNvs) (Helfrich-Fö rster et al., 2007) to determine which subset of LNv cells requires WAKE function for proper timing of sleep onset. Expression of UAS-wakemiR1 using per-1b-Gal4, but not R6-Gal4, caused a significant increase in sleep latency, suggesting that WAKE activity is specifically required in l-LNvs to regulate sleep onset ( Figure 3I ). Signaling from l-LNvs is thought to largely depend on PDF and its receptor PDFR, as these cells do not appear to express classical neurotransmitters (Taghert and Nitabach, 2012) . Thus, we asked whether PDF/PDFR signaling is required for the effects of WAKE on sleep latency. We generated double mutants of wake D2 with Pdf 01 or Pdfr han (Hyun et al., 2005; Renn et al., 1999) and found that loss of PDF or its receptor essentially blocked the increase in sleep latency seen in wake mutants ( Figure 3J ).
WIDE AWAKE Acts Downstream of CLK to Regulate Timing of Sleep Onset
Sleep is thought to be regulated by circadian and homeostatic processes (Borbé ly and Achermann, 1999). Because WAKE is expressed in clock neurons and is required for proper timing of sleep onset at the day/night transition, we hypothesized that WAKE acts to mediate the circadian timing of sleep onset. To address how the circadian clock regulates the timing of sleep, we examined sleep behavior in the canonical core clock mutants: per, tim, Clk, and cyc ( Figure S4 ). Consistent with a previous report (Hendricks et al., 2003) , we found that Clk jrk and cyc 01 mutants exhibited significantly reduced sleep, when compared to either controls or per 01 and tim 01 mutants (Figure S4A ). In all four mutants, sleep bout duration was significantly reduced, compared to controls, suggesting that an intact circadian clock is important for sleep maintenance ( Figure S4C ).
To determine whether sleep initiation at the day/night transition was impaired in these clock mutants, we examined sleep latency in these flies. UAS-wake-miR1 per-1b-Gal4 R6-Gal4 Figure S4D ), consistent with a defect in sleep initiation. Because CLK and CYC are transcriptional activators, while PER and TIM act to inhibit the activity of CLK/CYC (Allada and Chung, 2010) , these data suggest that molecules under CLK/CYC control regulate the timing of sleep onset at the sleep/wake transition. We next assessed whether WAKE expression varies throughout the day. Indeed, WAKE levels cycle ( Figures 4C  and 4D ), rising during the day and peaking in the early night around the time of sleep onset following lights off. To determine whether this daily variation of WAKE is dependent on CLK activity, we examined WAKE expression at the nadir (zeitgeber time 2 [ZT2]) and peak (ZT14) in control and Clk jrk mutant backgrounds. As shown in Figures 4E and 4F , the increase in WAKE expression at ZT14 was absent in Clk jrk flies, suggesting that cycling of WAKE expression is CLK dependent. Because WAKE acts in l-LNvs to regulate sleep onset (Figure 3 ), we next asked whether WAKE levels vary throughout the day specifically in these cells. We examined the transcriptional activity of wakeGal4 in l-LNvs during two time windows, using the photoconvertible fluorescent protein KAEDE (Chen et al., 2012) . Preexisting green KAEDE in the l-LNvs was converted into red KAEDE in living wake-Gal4>UAS-kaede flies by exposure to UV irradiation at ZT0 or ZT10 ( Figure 4G ). Ten hours after photoconversion, newly synthesized green KAEDE was $3-fold higher during the night, compared to the day ( Figures 4G and 4H ). These data suggest that wake transcript cycles in the l-LNvs. Finally, we also assessed whether transcription of wake is CLK dependent specifically in l-LNvs. Indeed, in the Clk jrk background, wakeGal4 activity was dramatically reduced in l-LNvs but not in other nonclock neurons (Figures 4I and 4J) . Taken together, these data strongly suggest that wake transcript cycles throughout the day specifically in l-LNvs and that CLK is required for expression of WAKE in these cells.
Given that proper timing of sleep onset depends on WAKE expression in LNvs, if WAKE acts downstream of CLK and CYC to regulate timing of sleep, we would expect that loss of CLK or CYC function in LNvs would also cause an increase in sleep latency. Indeed, flies that express dominant-negative forms of CLK or CYC specifically in the LNvs displayed a significant increase in sleep latency, compared to control flies ( Figure 4K ). We next asked whether restoration of WAKE in the LNvs in Clk jrk mutant flies could rescue their defects in sleep initiation at lights off. Importantly, we found that expression of WAKE specifically in LNvs had no effect on sleep latency in a wild-type background but rescued the increased sleep latency phenotype seen in Clk jrk flies ( Figure 4L and Figure S4G ). Similarly, WAKE expression in PDF+ cells rescued the increased sleep latency of cyc 01 flies ( Figure S4E ), but not that of sleepless (sss) flies ( Figure S4F ), supporting a specific role for WAKE downstream of CLK/CYC. The rescue of Clk jrk mutants by WAKE appears to be confined to the sleep latency phenotype, as other Clk phenotypes such as the arrhythmicity in DD conditions persisted when WAKE was expressed in PDF+ cells (Table  S1 ). Taken together, these data strongly suggest that WAKE acts downstream of CLK/CYC to specifically promote sleep onset in the early night. Our finding that wake mutants have normal circadian rhythms suggests that loss of WAKE impacts a circadian output pathway for sleep, rather than the phase or period of the core circadian oscillator. To confirm that the effects of WAKE on sleep latency are not secondary to effects on the core clock, we performed a series of experiments either knocking down WAKE or manipulating PDF+ neuron activity in the per 01 mutant background.
Knockdown of WAKE by expressing UAS-wake-miR1 in PDF+ cells or by the use of wake D2 resulted in an increase in sleep latency that persisted in the per 01 mutant background ( Figures   S3D and S4H) . Similarly, activation and inactivation of PDF+ cells using dTrpA1 or dORKDC, respectively, also caused an increase and decrease of sleep latency in the per 01 mutant background ( Figures S4I and S4J ). Finally, we also examined whether loss of WAKE function or manipulation of PDF+ neuron activity affected circadian period length under DD conditions. Knockdown of WAKE in PDF+ cells using either wake microRNA line had no significant effect on period length, nor did activation or inactivation of PDF+ neurons (Table S1 ). Although reduction of CLK function in PDF+ cells did significantly increase period length in a minority of flies that were still rhythmic, similar effects were not observed with reduction of CYC function, and thus it is unlikely that the marked increase in sleep latency resulting from inhibition of CLK/CYC activity is due to lengthened period (Table Figure 5A and Figure S5A ). These data demonstrate that this dominant interaction is not attributable to genetic background. This dominant genetic interaction between wake and Rdl was also observed in male flies, persisted in a per 01 mutant background ( Figure S5B ), and did not alter circadian period length (Table S1 ). Finally, neither Rdl nor wake exhibited a dominant genetic interaction with other short-sleeping mutants, sss and fmn ( Figure 5A ), demonstrating the specificity of the interaction between wake and Rdl. Dominant genetic interactions are unusual and strongly suggest that WAKE and RDL act in the same pathway.
To address whether WAKE and RDL physically interact in a complex, we performed coimmunoprecipitation experiments. We removed the unstructured N-terminal domain of WAKE, as this domain rendered WAKE susceptible to degradation. We expressed this truncated WAKE (WAKE-T) alone, RDL alone, or both WAKE-T and RDL in Xenopus oocytes. We found that WAKE-T coimmunoprecipitated with RDL from Xenopus oocyte extracts ( Figure 5B ), suggesting that WAKE and RDL may physically interact in a complex. In contrast, as shown in Figure S5C , WAKE-T did not coimmunoprecipitate with a different receptor, the Drosophila adenosine receptor (dADOR) (Wu et al., 2009) .
Next, we examined whether WAKE coexpression with RDL affects RDL levels in cultured Drosophila S2R+ cells. When RDL was coexpressed with WAKE, RDL protein levels increased approximately 2-fold ( Figures 5C and 5D ). In contrast, when WAKE was coexpressed with dADOR, there was no change in the levels of dADOR expression, suggesting that this effect is specific to RDL ( Figures 5C and 5D ). Together, these data demonstrate that wake and Rdl interact genetically and suggest that WAKE may form a complex with RDL to upregulate its expression.
Finally, we asked whether loss of WAKE would reduce RDL levels in vivo. To address this, we generated UAS-RDL-myc flies and used Pdf-Gal4 to drive expression of RDL-myc in a wake mutant background. As shown in Figure 5E , RDL-myc expression was lower in the l-LNvs of wake D2 flies, compared to control flies. In particular, RDL-myc levels in the plasma membrane were significantly reduced in wake mutants versus control flies ( Figure 5F ). In contrast, there was no significant difference in perinuclear levels of RDL-myc between wake mutants and controls ( Figure 5F ). To rule out the possibility that WAKE affects Pdf-Gal4 transcriptional activity in l-LNvs, we used UAS-CD8::GFP as a reporter to examine Pdf-Gal4 transcription activity in these cells in the wake mutant background. As shown in Figures S5D and S5E, the CD8::GFP expression in the l-LNvs of wake D2 flies was similar to control flies, suggesting that loss of WAKE does not affect Pdf-Gal4 activity. Together, these data suggest that not only is WAKE sufficient for upregulation of RDL expression in cultured cells but that it is also necessary for proper RDL expression and plasma membrane targeting in l-LNv neurons. (C) Western blot using WAKE-Ab1 on wild-type heads at different time points during the day and night. (D) Relative expression levels of WAKE (n = 7). WAKE expression levels were normalized to ZT2 and Tubulin. (E) Western blot using WAKE-Ab1 on heads from wild-type (WT) and Clk jrk flies at ZT2 and ZT14.
(F) Relative expression levels of WAKE in WT (circles) and Clk jrk (squares) flies (n = 6). WAKE expression levels were normalized to ZT2 and Tubulin.
(G) l-LNvs from wake-Gal4>UAS-kaede flies were imaged immediately after photoconversion at ZT0 (top) or ZT10 (bottom) and 10 hr after photoconversion. Photoconverted (543 nm) and newly synthesized (488 nm WAKE Reduces the Excitability of l-LNvs by Increasing GABA Sensitivity at Dusk Our data suggest that WAKE acts in l-LNv neurons to upregulate RDL at the day/night transition, in order to promote sleep onset. If so, this should lead to relative silencing of these cells in the early night. It has previously been shown that both spontaneous action potential firing rate (AP rate) and resting membrane potential (RMP) cycle in l-LNvs, with a relative decrease in AP rate and hyperpolarization of the RMP at night (Cao and Nitabach, 2008) . We thus investigated whether loss of WAKE would alter the excitability of l-LNv neurons in a time-dependent manner. We performed whole-cell current-clamp recordings of the l-LNv neurons in wild-type and wake mutant brains at ZT0-ZT2 and ZT12-ZT14. The AP rate was similar between wake and control l-LNvs at ZT0-ZT2 ( Figures 6A and 6C ). In contrast, the AP rate of the l-LNv cells in wake mutants was nearly 4-fold higher than controls at ZT12-ZT14, indicating that, in wake flies, these cells were more excitable specifically at the day/night transition ( Figures 6A and 6C ). As shown in Figure S6A , in control flies, the RMP of l-LNv cells was more hyperpolarized at ZT12-ZT14 compared to ZT0-ZT2 (although this difference was not significant). RMP of l-LNv cells in wake mutants was not significantly different between ZT0-ZT2 and ZT12-ZT14 ( Figure S6A) . A previous study showed that the AP rate of l-LNv cells is regulated by GABA signaling (McCarthy et al., 2011) . Thus, we examined whether the reduction in AP rate at ZT12-ZT14 (versus ZT0-ZT2) was dependent on increased GABA signaling at that time. Indeed, using picrotoxin (PTX) to block GABA A receptors, the AP rate at ZT12-ZT14 was markedly increased and was similar to the AP rate at ZT0-ZT2 ( Figure S6B ). These data suggest that the excitability of l-LNvs is increased in wake mutants at dusk and that fast GABAergic signaling normally inhibits l-LNv excitability at that time. Our data suggest that RDL levels are increased in a WAKEdependent manner at dusk in l-LNvs. Thus, in wake mutants, RDL levels and the resulting sensitivity to GABA should be reduced in the early night. To examine this, we performed whole-cell voltage-clamp recordings on l-LNv neurons in wildtype and wake mutant backgrounds. It has previously been shown that GABA-evoked currents in l-LNvs can be blocked with application of PTX, suggesting that these currents mainly depend on GABA A receptors (Chung et al., 2009) . To isolate the effects of GABA to the l-LNv cells, we used tetrodotoxin (TTX) to block AP firing in our preparation. As shown in Figures  6D and 6E , GABA-evoked currents at ZT11-ZT14 were significantly reduced in wake mutants, demonstrating that the l-LNvs in these mutants exhibit reduced GABA sensitivity at dusk. Thus, our electrophysiological data support our model ( Figure 6F ; Discussion) that the function of WAKE is to promote sleep onset by increasing GABA sensitivity and inhibiting the excitability of l-LNvs at the day/night transition.
Interestingly, previous studies have shown that the molecular clock in l-LNvs does not cycle in DD (Shafer et al., 2002; Yang and Sehgal, 2001 ) and that, under these conditions, PER remains in the nucleus in these cells (Shafer et al., 2002) . We thus wondered how WAKE expression and function would be affected in DD. Because PER can suppress CLK function and WAKE expression is CLK dependent, we hypothesized that wake transcription would be reduced in DD compared to light: dark (LD). Indeed, in the l-LNvs, newly synthesized green KAEDE driven by wake-Gal4 was decreased $2-fold in DD versus LD ( Figures S6C and S6D ). This decrease of WAKE in DD would be predicted to enhance the excitability of the l-LNvs in DD versus LD. As shown in Figure S6E , whole-cell patch-clamp recordings of l-LNvs demonstrated that the AP rate of l-LNvs was significantly increased in circadian time 12-14 (CT12-CT14) compared to ZT12-ZT14 ( Figure S6E ). Moreover, when we restored WAKE levels in DD by overexpressing WAKE in l-LNvs, sleep latency at CT12 was significantly reduced, similar to that seen in ZT12 ( Figure S6F ), and sleep time was also increased ( Figure S6G ). Given that the core oscillator in the l-LNvs does not cycle in DD, it is intriguing that the sleep phenotypes of wake mutants persist in DD (Figures 1G and 1H ). Our data ( Figures S6C-S6E ) suggest that, with respect to WAKE levels, wild-type flies under DD conditions are analogous to wake partial loss-of function mutants. Since our wake mutants are null alleles, we expect the AP firing rate of l-LNvs in DD to be increased in wake mutants, compared to controls. Indeed, at CT12, l-LNv AP rate is higher in wake mutants than in controls ( Figure S6E ). Thus, both in LD and DD, WAKE reduces the AP firing rate in l-LNvs and consequently promotes sleep onset. Finally, our data also suggest the reduced sleep and increased sleep latency seen in wild-type flies in DD relative to LD is mediated, at least in part, by a reduction of WAKE levels.
The Mouse Homolog of WIDE AWAKE Is Expressed in the SCN
We identified a single homolog of WAKE (ANKFN1) in mice, using BLAST (33% identity and 56% similarity over 537 amino acids containing the ankryin repeats and fibronectin domain) /+ (n = 9) and wake D2 (n = 9) backgrounds.
Scale bar denotes 10 mm in (E). Mean ± SEM is shown. See also Figure S5 .
( Figure 7A ). As a first step in evaluating the potential function of this putative homolog of WAKE, we performed in situ hybridization of functionally wild-type adult male Lhx1 lox/lox mouse brains with two different probes. Both probes revealed similar expression patterns, and the data from one of the probes are shown in Figures 7B and 7C . Strikingly, ANKFN1 transcript (D) Representative GABA-evoked currents of l-LNvs in control (Pdf-Gal4/UAS-CD8::GFP) and wake D2 (Pdf-Gal4/UAS-CD8::GFP; wake D2 ) mutant flies at ZT11-ZT14. Holding potential is at À70 mV.
(E) Quantification of GABA-evoked currents of l-LNvs from control flies (n = 8) and wake D2 flies (n = 6).
(F) Model of WAKE as a molecular intermediary between the circadian clock and sleep. WAKE expression level is regulated by the circadian clock and peaks at dusk (ZT12). At this time, increased WAKE levels upregulate RDL in LNvs and enhance the sensitivity of these cells to GABA signaling. As a result, the activity of the LNv arousal circuit is inhibited, which facilitates sleep onset in the early night. In contrast, WAKE levels are relatively lower at dawn (ZT0), resulting in less RDL in LNvs at this time. There may also be less GABA signaling to the LNvs at dawn. These factors favor excitation of the LNvs at dawn, promoting wakefulness. The source of GABA signaling is currently unknown and might be regulated by sleep need (see Discussion). Mean ± SEM is shown. See also Figure S6 .
was enriched in the SCN, the master circadian pacemaker in mammals ( Figure 7B ). We compared colocalization of ANKFN1 with neuropeptide markers that label distinct SCN subdomains, including gastrin-releasing peptide (GRP), vasoactive intestinal polypeptide (VIP), and arginine vasopressin (AVP). ANKFN1 expression largely overlaps the GRP-expressing domain, suggesting it is specifically expressed in the core region of the SCN ( Figure 7C ). The Allen Brain Atlas (http://www.brain-map. org) also demonstrates SCN enrichment of ANKFN1 in a pattern similar to our data. This expression pattern is reminiscent of the expression of WAKE in flies, since PDF+ neurons also contain circadian pacemaker cells and because the l-LNv cells receive light input, similar to the SCN core. These findings suggest that the function of WAKE is conserved in mammals.
DISCUSSION
The molecular pathways by which the circadian clock modulates the timing of sleep are unknown. Here, we identify a molecule, WIDE AWAKE, that promotes sleep and is required for circadian timing of sleep onset. Our data argue for a direct role for the circadian oscillator in regulating sleep and support a model whereby WAKE acts as a molecular intermediary between the circadian clock and sleep. In this model, WAKE transmits timing information from the circadian clock to inhibit arousal circuits at dusk, thus facilitating the transition from wake to sleep ( Figure 6F ). wake is transcriptionally upregulated by CLK activity, specifically in LNv clock neurons. WAKE levels in l-LNvs rise during the day and peak at the early night, near the wake/sleep transition. This increase in WAKE levels upregulates RDL in l-LNvs, enhancing their sensitivity to GABA signaling and serving to inhibit the l-LNv arousal circuit. In this manner, cycling of WAKE promotes cycling of the excitability of l-LNv cells.
In wake mutants, l-LNvs lose this circadian electrical cycling; the higher firing rate of these cells at dusk leads to increased release of PDF, which would act on PDFR on downstream neurons to inhibit sleep onset. The identity of the GABAergic neurons signaling to the l-LNvs is currently unknown, but if they serve to convey information about sleep pressure from homeostatic circuits, the l-LNvs could serve as a site of integration for homeostatic and circadian sleep regulatory signals ( Figure 6F ). Although WAKE is expressed in clock neurons and its levels vary throughout the day, WAKE itself is not a core clock molecule, since period length and activity rhythm strength are intact in wake mutants in constant darkness. We also show that the effects of WAKE on sleep latency are not attributable to alterations in core clock function. In addition, because locomotor rhythm strength is intact in wake mutants, WAKE is not a clock output molecule for locomotor rhythms. Rather, WAKE is, to our knowledge, the first clock output molecule shown to specifically regulate sleep timing. Previous studies have demonstrated that RDL in LNvs regulates sleep in Drosophila (Chung et al., 2009; Parisky et al., 2008) . Our work further implicates RDL as a key factor in the circadian modulation of sleep. In mammals, the localization and function of GABA A receptors are regulated by a variety of cytosolic accessory proteins, some of which are associated with the plasma membrane and cytoskeletal elements (Luscher et al., 2011) . Our data suggest that WAKE acts as an accessory protein for RDL, upregulating its levels and promoting its targeting to the plasma membrane. RDL is broadly expressed throughout the adult Drosophila brain (Harrison et al., 1996) , whereas WAKE appears more spatially restricted. It is likely that RDL is regulated by WAKE in specific cells (e.g., WAKE+ cells), while in other cells that express RDL but not WAKE, other factors are involved. Together, these data suggest a model in which increased GABA sensitivity is required in specific arousal circuits to facilitate rapid and complete switching between sleep/wake states at the appropriate circadian time.
Intriguingly, our data, as well as data from the Allen Brain Atlas, suggest that the putative mouse homolog of WAKE (ANKFN1) is enriched in the mouse SCN, the master circadian pacemaker in mammals. Specifically, ANKFN1 is expressed in the ''core'' region of the SCN, which is analogous to the large LNvs in flies, in that it receives light input and its molecular oscillator does not cycle or cycles weakly in DD (Yan et al., 2007) . These observations support a potential conservation of WAKE function in regulating clock-dependent timing of sleep onset, which will be evaluated by our ongoing genetic analysis in mice. The pronounced difficulty of wake flies to fall asleep at lights off is reminiscent of sleep-onset insomnia in humans. Moreover, the most widely used medications for the treatment of insomnia are GABA agonists (Nutt and Stahl, 2010) . Thus, the identification of a molecule that mediates circadian timing of sleep onset by promoting GABA signaling may lead to a deeper understanding of mechanisms underlying insomnia and its potential therapies.
EXPERIMENTAL PROCEDURES Sleep and Circadian Assays
Sleep assays were generally performed as previously described (Liu et al., 2012) . For sleep measurements, 4-to 7-day-old flies were monitored at 25 C in glass tubes containing 5% sucrose and 2% agar using the Drosophila Activity Monitoring System (Trikinetics). Female flies were used unless otherwise stated. Activity counts were collected in 1 min bins in LD for 2 days, and a moving window was used to identify sleep as periods of inactivity lasting at least 5 min (Shaw et al., 2000) . Sleep parameters were computed using MATLAB-based (MathWorks) custom software. For analysis of sleep in constant darkness (DD), the first day in DD was analyzed, CT12 was determined using the period lengths of individual flies, and sleep latency was then calculated from CT12. For UAS-dTrpA1 experiments, flies were raised at 22 C, 1 day of data was recorded at 22 C as a baseline day, and 1 day was recorded at 29 C, in order to activate the relevant neurons.
For elav-Geneswitch experiments, either 250 mM RU486 dissolved in ethanol or ethanol alone was added to 5% sucrose/2% agar food. For analysis of circadian behavior, activity counts were collected in 30 min bins in DD over a 6-day period and analyzed using ClockLab (Actimetrics). Period length (tau) was determined by c 2 periodogram analysis, and rhythm strength was measured by relative FFT, calculated by fast Fourier transform analysis.
Immunostaining
Immunostaining of whole-mount brain samples was performed essentially as follows: brains were fixed in 4% PFA for 1 hr; after washing, samples were incubated with mouse anti-GFP (Clontech) at 1:1,000, rabbit anti-GFP (Invitrogen) at 1:1,000, rabbit anti-PER (Stanewsky et al., 1997) at 1:8,000, rat anti-PER at 1:1,500, mouse anti-MYC (9E10, Developmental Studies Hybridoma Bank [DSHB]) at 1:500, mouse anti-PDF (DSHB) at 1:400, or mouse nc82 (DSHB) at 1:100 at 4 C overnight; after additional washes, samples were incubated with Alexa 488 anti-mouse (Invitrogen, 1:2,000), Alexa 488 anti-rabbit (Invitrogen, 1:2,000), Alexa 568 anti-rabbit (Invitrogen, 1:2,000), Alexa 568 anti-mouse (Invitrogen, 1:1,000), Cy5 anti-mouse (Rockland, 1:1,000), Alexa 647 anti-rabbit (Invitrogen, 1:5,000), Cy5 anti-Rat (Rockland, 1:1,000) overnight at 4 C. Images were obtained on a Leica TCS-SP5 or Zeiss LSM700
with 1-mm-thick sections under 203, 253, 603, or 633 magnification. For anti-MYC stainings, Alexa 568 anti-mouse (for anti-MYC) and Cy5 anti-Rat (for anti-PER) were used for secondary antibodies, and stainings were performed at $ZT0. Images were taken under 633 magnification and acquired as 1,024 3 1,024 pixels. ImageJ software was used for quantification; intensity of total, plasma membrane, and perinuclear (likely consisting of endoplasmic reticulum) signal was calculated. For total signal intensity, the sum of all pixel intensities of a stack comprising the whole cell was calculated. For plasma membrane versus perinuclear signal, the 1 mm slice with the strongest nuclear PER signal was used to quantify the appropriate region of interest (ROI) from each cell. To measure plasma membrane signal, the following was performed: first, an ROI was drawn around the entire cell, and the total intensity was measured (ROI1); second, within this slice, another ROI was drawn starting from 4-6 pixels ($500 nm) inside ROI1, containing the cytoplasmic, perinuclear, and nuclear regions, and its intensity was measured (ROI2); and, third, intensity of plasma membrane signal was calculated as I ROI1 À I ROI2 . To measure perinuclear signal, in the same slice, we drew ROIs around the perinuclear region (ROI3) and nuclear region (ROI4), and we calculated perinuclear intensity as I ROI3 À I ROI4 .
KAEDE Measurement
The diurnal synthesis of KAEDE protein in l-LNvs of wake-Gal4>UAS-kaede flies was measured as previously described (Chen et al., 2012) . A single fly restricted in a pipette tip was UV irradiated for 5 min through an objective lens (maximum intensity, working distance $1 mm). Photoconverted flies were separated into two groups. Fluorescence was measured immediately for one group and 10 hr later for the other group. All brains were directly imaged using LSM700 without fixation. Green and red KAEDE were excited by 488 nm and 543 nm lasers, respectively. l-LNv neurons were located in less than 10 s by fast prescanning of red KAEDE (543 nm). A single optical slice through the cell bodies was taken under a 633 water-immersion objective lens. Using ImageJ, the rate of green KAEDE synthesis was calculated with the formula (F t1 À F t0 )/F t0 , where F t0 and F t1 are the ratio of intensities between green and red signal immediately after photoconversion (t0) and 10 hr later (t1), respectively.
Whole-Cell Patch-Clamp Recordings Four-to six-day-old Pdf-Gal4 > UAS-CD8::GFP female flies from WT and wake D2 backgrounds were used, after entrainment to a 12 hr:12 hr LD cycle for at least 3 days. Brains were removed in a Drosophila physiological saline solution (101 mM NaCl, 3 mM KCl, 1 mM CaCl 2 , 4 mM MgCl 2 , 1.25 mM NaH 2 PO 4 , 20.7 mM NaHCO 3 , and 5 mM glucose [pH 7.2]), which was prebubbled with 95% O 2 and 5% CO 2 . Brains were then treated with 2 mg/ml protease XIV (Sigma-Aldrich) for 5-8 min at 22 C. l-LNvs were visualized by GFP fluorescence or infrared-differential interference contrast (IR-DIC) optics using a fixed-stage upright microscope (BX51WI; Olympus). To minimize the effect of light in the ''dusk'' experiments, light level was kept at 2-20 lux. Whole-cell recordings were performed at room temperature. Patch-pipettes (5-9 MU) were fashioned from borosilicate glass capillary with a FlamingBrown puller (P-1000; Sutter Instrument). The internal solution used for current-clamp recording contained 102 mM potassium gluconate, 0.085 mM CaCl 2 , 0.94 mM EGTA, 8.5 mM HEPES, 4 mM Mg-ATP, 0.5 mM Na-GTP, and 17 mM NaCl (pH 7.2). Potassium in the patch-pipette was replaced with cesium for voltage-clamp recordings. To label recorded cells, we included 13 mM biocytin hydrazide in the pipette solution. Cells were rejected if R access > 50 MU. Recordings were acquired with an Axopatch 200B amplifier (Molecular Devices) and Digidata 1440A interface (Molecular Devices). Signals were sampled at 20 kHz and low-pass filtered at 2 kHz in current-clamp recording or at 100 Hz in voltage-clamp recording.
In order to confirm the identity of the recorded cell, brains were immunostained after the recording essentially as described above, using mouse anti-GFP (Invitrogen, 1:200) for 16-40 hr at 4 C, followed by incubation with Alexa 488 anti-mouse (Invitrogen, 1:1,000) and Alexa-568-conjugated streptavidin (Invitrogen, 1:100) for 24-40 hr at 4 C. Only samples in which a single cell was both dye labeled and GFP positive were included in the analyses.
Statistical Analysis
For comparisons of two groups of normally distributed data, t tests were performed. For multiple comparisons, one-way ANOVAs followed by post hoc Tukey were performed. For multiple comparisons of nonnormally distributed data, Kruskal-Wallis tests were performed, with Bonferroni correction for post hoc comparisons. Log rank tests were used to compare longevity of experimental and control animals.
ACCESSION NUMBERS
The Genbank accession number for the cDNA containing full-length wake is KJ131166. 
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